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ABSTRACT
Masonry is a fundamental building material that is used for a significant proportion of struc-
tures across the world, many of which lie in potentially hazardous environments. While
masonry naturally has poor performance under lateral loads which lead to tensile forces,
many of these structures lie within highly seismic regions. As a result, guidelines have been
established to ensure structural integrity in case of a disaster, yet these are based on as-
sumptions that limit the accuracy of these tools, and fail to address the needs of traditional
non-engineered masonry environments.
This thesis begins with an overview of seismic hazards and the effects they have on the
structural design of unreinforced masonry. The failure modes of masonry structures are dis-
cussed, followed by an evaluation of reinforcement techniques and their effects on structural
behavior. A comparison of quasi-static and dynamic analytical methods, and their condi-
tional accuracies provides an argument towards a simplified approach to masonry modeling
that is appropriate for engineering applications.
The methodology of this thesis applies a quasi-static tilt analysis through the physical mod-
eling of masonry structures with discrete scaled masonry blocks. The results of initial ex-
periments support the validity of this model in representing predicted masonry behavior,
leading to a series of experiments on a selection of masonry designs and the analysis of rein-
forcement modeling techniques. Further research can expand on the structural designs and
reinforcement materials, and use the physical models in more complex load applications, for
example, with a shaking table.
Thesis Supervisor: John A. Ochsendorf
Title: Associate Professor of Building Technology and Civil and Environmental Engineering
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Chapter 1
Introduction
Proper structural engineering is essential for the protection of human life when designing
habitats that serve as shelters in potentially hazardous environments. The ancient con-
struction method of stone and masonry is particularly vulnerable to lateral loads due to its
high strength in compression, and negligible tensile strength. Still, it continues to remain
a primary building material in seismically prone environments. Even though many guide-
lines have been published to establish minimal dimensions, design criteria, and reinforcement
methods based on the seismicity levels of a region and building parameters, many masonry
structures remain non-engineered and thus entirely vulnerable to collapse through seismic
load scenarios.
A vivid example to demonstrate the consequences of this gap in structural engineering
is the 6.6 magnitude earthquake that occurred on December 26th, 2003, in Bam, Iran,
killing 26,000 people, injuring 30,000 more, and leaving 75,000 homeless in a town with a
population of 97,000 before the earthquake (Manafpour, 2004). Even as Iran is considered
the most earthquake prone country in the world, its people live in traditional masonry
structures that have not been engineered with modern retrofitting technologies to withstand
seismic activity. 50 percent of the masonry homes in Bam were destroyed in the earthquake,
including a 2000 year old historical and cultural site, the Bam Citadel, shown in Figure 1.1.
Whether from economic or institutional shortcomings, the infrastructure of Iran, including
that of its capital, Tehran, and many underdeveloped seismic regions of the world, remains
vulnerable as it is inaccessible to modern engineering technology and methodologies. With
a predicted 90 percent chance of an earthquake with a magnitude of 6.0 or greater on the
Richter scale, and a 50 percent chance for a 7.5 magnitude earthquake according to Tehran
University geophysicist Dr. Akasheh, the potential disaster in cities like Tehran, with a
population of 12 million people, could kill more than three million people (Harrison, 2005).
To mitigate the potential disastrous effects of masonry failure in seismic scenarios, there
Figure 1.1: Before (above) and after (below) views of the Bam Citadel - 26 December 2003
Earthquake (Manafpour, 2004)
is a selection of analysis tools that exist today to investigate the strength and performance
of masonry structures under lateral loading. These are distinguished between quasi-static
and dynamic procedures which include a breakdown of tools and methods that are appro-
priate for specific conditions and analytical goals. The accuracy of these methods is still
questionable as research into masonry behavior, strength, and performance limits continues
to advance, particularly over the past decade. While most analytical tools focus on specific
components of masonry structures, such as walls, frames, or connections, the global behavior
of masonry buildings and their reinforcement techniques is still uncertain, thus inhibiting
the ability to accurately represent global masonry behavior through equations and compu-
tational models. Additionally, most of these tools remain too complex, time intensive, and
require such engineering technologies that are not appropriate in serving the vast number of
non-engineered structures of more underdeveloped nations.
The primary goal of this thesis is to investigate the validity of a physical modeling
procedure with miniature masonry blocks to analyze structural performance and seismic
reinforcement, then apply this model in an investigation of selected masonry geometries and
reinforcement tools. The analysis follows a progression of the following steps:
1. A literature review discusses the danger of seismic activity on the loss of human life,
...... .... - -___ -_- _ . .......
then investigates the behavior of unreinforced masonry structures and available rein-
forcement techniques.
2. A review of analysis methodologies, including quasi-static and dynamic procedures,
presents the various strategies for measuring masonry strength and performance, as
well as their assumptions, limitations and conditional applications.
3. A discrete quasi-static tilt analysis is explained and studied for the simulation of a
lateral load in a single direction through a component of gravitational acceleration on
a structure of discrete scaled masonry blocks.
4. Initial experiments are conducted to confirm the overturning and frictional behavior
of the blocks with theoretical calculations from the predictions of the quasi-static tilt
analysis.
5. Once the behavior of the model is confirmed, the investigation is expanded to a se-
lection of building designs and reinforcement techniques including unreinforced shear
walls, box structures, and tower structures, and integrated reinforcement tools includ-
ing horizontal ring beams, vertical steel bars, and the combined horizontal and vertical
reinforcement system.
By providing a global analysis, the results of these experiments assist in integrated design
decisions for building shape and reinforcement strategies to benefit non-engineered structures
that remain outside the accessible realm of modern engineering procedures. With the com-
pletion of this thesis, a valid argument confirms the crucial progress that this modeling
procedure provides to address inadequacies in earthquake engineering.
Chapter
Literature Review
2.1 Seismic Hazards
Specific regions of the world lie in hazardous regions for seismic activity. The expected
contours for these ground accelerations define the necessary precautions in building design
and reinforcement. The United States Geological Survey (USGS) provides detailed infor-
mation for expected ground motion. Figure 2.1 shows a clear visualization of the seismic
Figure 2.1: Global Seismic Hazard Map (USGS, 2011)
hazard zones across the globe. These regions correlate to heavily populated coastal regions
or densely settled regions of ancient nations, highlighting the potential for disastrous results
if infrastructure is inadequate, as shown Figure 2.2 with the correlations between deaths and
earthquakes in the past decade. With an understanding of this danger, building codes such
as the Federal Emergency Management Agency (FEMA) 356 publication detail objectives
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Figure 2.2: USGS Earthquake Records (USGS, 2011)
for safety standards in expected earthquake damage. FEMA 356 uses two "Basic Safety
Earthquakes (BSE)" that require life-safety performance for a 1 in 500 year strength earth-
quake, and a collapse prevention performance level for a 1 in 2500 year strength earthquake.
These are equal to a 10% chance in 50 years, and 2% chance respectively (FEMA, 2000).
As shown in Figure 2.3, the Richter Scale used in Figure 2.2 represents earthquake strength
Magnitude vs. Ground Motion and Energy
Magnitude Ground Motion Energy
Change Change Change
(Displacement)
1-0 10.0 times about 32 times
0.5 3 2 times about 5 5 times
0 3 2.0 times about 3 times
0.1 1 3 times about 1-4 times
Figure 2.3: Richter Scale Interpretation (USGS, 2011)
on a logarithmic scale, and thus the occurrence of higher Richter earthquakes carry much
greater energy despite the linear numeric increments.
This research into seismic influence on structures gives a basis for the guiding principles
for the analysis of masonry structures that will be described in Chapter 2. Based on these
expected probabilities for earthquake strength and occurrence; FEMA establishes a guideline
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Figure 2.4: Rehabilitation Objectives (FEMA, 2000)
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for structural performance that provides the most economically feasible solution to limit
loss of life and rehabilitation costs, shown as solutions p and k in Figure 2.4. Earthquake
hazard levels are based on the expected severity of an earthquake, which is displayed through
seismic contours maps, such as in Figure 2.5 of the United States, for the purpose of seismic
design. Building performance levels, range from minor cracking to collapse prevention, as
fully described in Figure 2.6. These structural performance levels are translated into
Figure 2.5: Maximum Considered Earthquake Contour Map of
(Selman & Associates, 2008)
the Continental United States
both unreinforced and reinforced masonry performance in Figure 2.7. Based on the seismic
contour maps and the required performance levels, it is required for the designer to ensure the
standards are maintained. An understanding of the visual performance of masonry structures
through these FEMA guidelines will aid in the analysis of the modeling procedures introduced
in this thesis.
2.2 Unreinforced Masonry Structures
Of the many construction materials available, unreinforced masonry buildings are perhaps
the most vulnerable to seismic hazards. Masonry, typically referencing bricks, stones, or
blocks are joined via mortars such as lime or cement. Until the early twentieth century,
most buildings around the world consisted of masonry. Still, many countries use masonry as
their primary building material as it is economical, insulating, and easy to obtain. With up
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to 70% of the world's buildings still in masonry, many of these structures are built without
the consultation of qualified engineers or architects leaving them vulnerable to earthquakes,
floods, tsunamis, and more. Even with proper construction techniques, these building types
are still vulnerable to seismic activity, as summarized in Figure 2.8. Unreinforced masonry
(URM) structures are not suitable for seismic zones.
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Figure 2.8: Categories of houses (CPWD, 2008)
Masonry is capable of improved seismic resistance if designed and retrofitted properly,
with a high strength in compression and negligible strength in tension. The masonry material
properties vary depending on the type of construction, location, and. time. While various an-
alytical methods exist for predicting the strength of masonry structures, the global behavior
of masonry buildings is still unclear beyond these localized analyses. First, it is necessary to
gain an understanding of the basic behavior and failure modes of masonry structures under
lateral loading and strategies for design.
Lateral resistance is provided by in-plane stiffness of the shear walls in masonry structures
that resist seismic loads. The two modes of failure in masonry structures are described
through "box action" as perpendicular walls either fail in-plane or out-of-plane, as shown
in Figure 2.9. As masonry has negligible tensile strength, the bending strength provided by
out-of-plane resistance is negligible, and a designer must ensure that all seismic forces are
safely transmitted to the in-plane shear walls.
AB
(a) Out-of-plane faiiute (b) In plans resistance (c) Earthquake frce aaxis
Figure 2.9: Box action in masonry building (Duggal, 2007)
Masonry buildings should generally be built in square plan designs to limit the influence
of torsion in reducing seismic performance. In symmetrical buildings, the center of rigidity
is optimally located in the center of the structure to eliminate the effects of torsion on
masonry wall failure, as shown in Figure 2.10. The uneven placement of doors and windows
in masonry plans moves the location of the center of rigidity, as shown in Figure 2.11 resulting
in negative effects on the performance of masonry walls under lateral loading.
Figure 2.12 details examples of proper torsion design due to structural symmetry, and
torsion that results from poor plan schematic design.
Figure 2.10: Examples of the location of center of rigidity for symmetrical buildings (Klinger,
2010)
I0
Figure 2.11: Examples of the location of center of rigidity for asymmetrical buildings
(Klinger, 2010)
In order to qualify as a simple masonry design through the performance of box design
behavior, various guidelines are summarized in the following list from Eurocode 8 (Booth,
2006):
(a) The plane shape must be approximately rectangular, with a recommended minimum
ratio of shortest to longest side of 0.25, and with projections or recesses from the rect-
angular plan
(b) The building should be stiffened by shear walls, arranged almost symmetrically in plan
in two orthogonal directions.
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Figure 2.12: Design of masonry structures for torsion (Auroville, 2011)
(c) A minimum of two parallel walls should be placed in two orthogonal directions, the
length of each wall being greater than 30% of the length of the building in the direction
of the wall under consideration.
(d) At least for the walls in one direction, the distance between these walls should be greater
than 75% of the length of the building in the other direction.
(e) At least 75% of the vertical loads should be supported by the shear walls.
(f) Shear walls should be continuous from the top to the bottom of the building.
(g) Differences in mass and shear wall area between any two adjacent storeys should not
exceed 20%.
(h) For unreinforced masonry buildings, walls in one direction should be connected with
walls in the orthogonal direction at a maximum spacing of 7 meters.
2.3 Failure Modes
The failure modes for masonry structures can be categorized in two main modes for masonry
walls: Out-of-plane and In-plane failure.
2.3.1 Out-of-plane Failure
Out-of-plane failure occurs in walls that are perpendicular to the direction of lateral seismic
loading. While primary lateral resistance for masonry structures is through shear in the in-
plane walls, these perpendicular walls will still experience out-of-plane shears as a result of
their own mass and inertia. As these shears are transferred back into the lateral restraining
systems, significant out-of-plane bending moments develop, which is of concern if there is
no reinforcement providing tensile strength. Otherwise, unreinforced masonry relies on the
compressive gravity prestress to limit out-of-plane bending. Masonry should be designed
with minimum required slenderness ratios to avoid failure, as summarized in Figure 2.13.
Fortunately, since the behavior is driven by its own mass, if cracking does occur, it decouples
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Figure 2.13: Geometric limits on masonry walls from Eurocode 8 (Booth, 2006)
it from the input motions that excite the failure. As long as the line of action of gravity
loads through a load bearing wall remains within the central third of the wall thickness,
collapse is unlikely (Booth, 2006). Mechanisms for out-of-plane failure are shown in detail
in Figure 2.14.
2.3.2 In-plane Failure
As previously stated, the primary lateral resistance in a masonry structure is provided by
in-plane shear strength of masonry walls. It is the designer's responsibility to ensure that
these walls have sufficient strength to withstand seismic forces. Typically, in-plane shear
strength is designed to be governed by mortar as its failure is less brittle than stone or brick
failure. In this case, shear strength is the sum of the shear resistance of the masonry under
zero compression, plus the shear resistance from friction between the blocks.
In-plane shear failure results in cracking, rocking, crushing, and sliding in various modes.
In a solid shear wall, two patterns of failures are seen: cracks in the lower tensioned corner
of a wall due to moment as shown in Figure 2.15, or diagonal cracks in a wall under shear as
shown in Figure 2.16. These diagonal cracks due to shear are the failure mechanism which
is the typical "X-shaped" crack seen in common masonry seismic failure as the seismic load
induces shear in both directions.
Mechanism type A:
overturning of the tagade
Mechanism type C:
overturning of the corner
Mechanism type F
vertical arch effect associated
with ties at the top of the fagade
Mechanism type I:
overturning of the fagade
of vertical addition
Mechanism type B:
overtuming of the fagade
and one party wall
Mechanism type D:
overturning of the fagade
with diagonal crack
Mechanism type G:
horizontal arch effect
Mechanism type L
overtuming of the gable
Mechanism type B2:
overturning of the fagade
and two party walls
Mechanism type E:
overturning of the fagade
with cracks along the
opening alignments
Mechanism type H
in-plane failure, diagonal crack
Mechanism type M
lateral overturning of portico
Figure 2.14: Out-of-plane failure mechanisms in walls (Booth, 2006)
( K
I t t
I I I 'I
I ~ -~;~ ~n
~
Figure 2.15: Cracks in a wall due to moment (CPWD, 2008)
Figure 2.16: Diagonal cracks in a wall under shear (CPWD, 2008)
With the presence of openings in a shear wall, typically for windows, doors, or ventilator
openings, effective contributions to shear strength are reduced to the sum of multiple vertical
piers in the wall, as shown in Figure 2.17. The introduction of piers into a wall allows for
multiple possible modes and locations of failure. Figure 2.18 shows a typical shear wall design
with failure in rocking and crushing, x-cracking, and sliding. It should be noted that failure
Fm
Figure 2.17: ransmission of seismic forces in a masonry building (CPWD, 2008)
,Crushing
Uplifting of
(a) Sub-units in msonvy bildngs(walls behave as diScrete Ufnit dungf earthquake) (b) Rocking of nasonry pier
Earthquake induced inertia force
I Roof
(c) X-cracking of masonry piers (d) Horizontal sliding at sill level In a masonry building
(no vertical reinforcement provided)
Figure 2.18: Damages in masonry buildings (Duggal, 2007)
due to rocking results from slender masonry walls with low length to height ratios. This
results in rocking before all shear resistance in the masonry materials has been utilized, thus
significantly reducing the shear capacity of the wall. Minimum stockiness ratios between
length and height are given in Figure 2.13.
Regardless of the number of openings in a wall, a minimum percentage for shear wall
area, shown in Figure 2.19 is given in Eurocode 8 to qualify the building as "simple" as
described previously.
Acceleration at site. agS
< 0.07kg < 0.10kg < 0.15kg < 0.20kg
Number of Minimum sum of cross-sectional areas of horizontal
Type of storeys, n shear walls in each direction, as percentage of the total
construction (note 2) floor area per storey, PAmin
Unreinforced 1 2.0% 2.0% 3.5% n/a
masonry 2 2.0% 2.5% 5.0% n/a
3 3.0% 5.0% n/a n/a
4 5.0% n/a n/a n/a
(note 4)
Confined 2 2.0% 2.5% 3.0% 3.5%
masonry 3 2.0% 3.0% 4.0% n/a
4 4.0% 5.0% n/a n/a
5 6.0% n/a n/a n/a
Reinforced 2 2.0% 2.0% 2.0% 3.5%
masonry 3 2.0% 2.0% 3.0% 5.0%
4 3.0% 4.0% 5.0% n/a
5 4.0% 5.0% n/a n/a
Notes:
1. The table is based on a minimum compressive strength of 12 N/mm2 for unreinforced masonry and
5 N/mm2 for confined and reinforced masonry.
2. Roof space above full storeys is not included in the number of storeys.
3. For buildings where at least 70% of the shear walls under consideration are longer than 2 m, the
factor k is given by k = I + (/,a - 2)/4 < 2 where /,, is the average length, expressed in metres, of
the shear walls considered. For other cases k = I.
4. n/a means 'not acceptable'.
Figure 2.19: Rules for minimum area of shear walls for 'simple' masonry buildings from
Eurocode 8 (Booth, 2006)
Design of Shear Wall Openings
There are various guidelines for the size and positioning of openings in shear walls to ensure
general shear capacity, as they are key to the proper performance of masonry in distributing
lateral forces. If the openings are too close to junctions between walls, then the flow of
force between walls is interrupted. The tops of openings should align with each other,
and arches over openings should be avoided as they introduce weaknesses. While openings
should be minimal and symmetric, minimum thicknesses and ratios for piers and openings
are given in Figure 2.21 and Figure 2.22. These are based on building categories established
in Figure 2.20, which are based on ah, the design seismic coefficient for a given seismic
zone derived from USGS data. Any deviance from these guidelines suggests the need for
reinforcement.
Category Range of re,
A 0.04 to less than 0.05
B 0.05 to 0.06 (both inclusive)
C More than 0.06 but less than 0.08
D 0.08 to less than 0.12
E Moe than 0.12
Low strength masonry should not be used for category E.
Figure 2.20: Building Categories for earthquake-resisting features (Duggal, 2007)
S.no. Position of opening
I Distance b3 from the inside corner
of outside wall (minimum)
2 For total length of openings, the
ratio (b, + h2 - h),i or (b6 + b.)/1;
shall not exceed:
(a) One-storey building
(b) Two-storey building
(c) Three- or four-storey building
3 Pier width between consecutive
openings, b4 (minimum)
4 Vertical distance between two openings
one above the other, h3 (minimum)
Details of opening for
building category
andB C DadE
0 mm 230 mm 450 mm
0.60
0.50
0.42
0.55
0.46
0.37
0.50
0.42
0,33
340 mm 450 mm 560 mm
600 mm 600 mm 600 mm
Figure 2.21: Size and position of openings in bearing walls (Duggal, 2007)
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1. Door 2. Window 3. Ventilator 4. Cross wall
Figure 2.22: Dimensions of opening and piers for recommendations in Figure 2.21 (Duggal,
2007)
2.4 Masonry Reinforcement Techniques
There are many methods to reinforce masonry structures and improve their seismic behavior
to reduce hazards. This section will introduce widely practiced reinforcement and retrofitting
techniques to improve the seismic performance of masonry buildings.
2.4.1 Box Shapes and Joints
Concerning the shape of the overall structure, as previously discussed, buildings should not
be slender in plan, nor should they be irregular shapes. To gain the box actions desirable in
masonry structures and eliminate torsional moments, these structures should be separated
into blocks by introducing joints separated by crumple sections, as shown in Figure 2.23. A
chart detailing acceptable shapes, and example modifications to irregular designs is given in
Figure 2.24.
Figure 2.23: Separation of blocks by introducing joints (CPWD, 2008)
YES (:D Fx37 ]E 0 00 CD) C'D
Good shapes
OETTER 3U' g 1
Deficient shapes and improvement
Figure 2.24: Recommended shapes and improvements in masonry plan design (Auroville,
2011)
2.4.2 Cross Walls and Buttresses
When the dimensions in plan of a masonry structure do not fit within recommended guide-
lines, they should be retrofitted with cross walls or buttresses. Out-of-plane resistance is
provided through wall thickness and increased compression through gravity loads, yet if the
plan design is too slender or walls are simply too long, they fail easily through out-of-plane
failure. Thin slender walls simply lack the capacity to resist horizontal forces induced by
seismic activity. Figure 2.25 shows an example of out-of-plane failure and the reinforcement
options provided by cross walls or buttresses. While Eurocode 8 recommends walls no longer
than 7 meters, Indian regulations shown in Figure 2.26 suggest walls up to 8 meters can be
built with no intermediate buttressing.
Figure 2.25: Cross walls or buttresses protect a long wall from falling out-of-plane (CPWD,
2008)
T Mere thin m T,
Buttress in he centre Crss waM rewr the centre
Figure 2.26: Recommended minimum spacing requiring bracing (Auroville, 2011)
2.4.3 Horizontal and Vertical Steel Reinforcement
The next primary reinforcement technique involves the use of horizontal bands, also known
as ring beams, at essential locations around the structure, such as the plinth, sill and lintel
levels shown in Figure 2.27. Additional bands are used in the presence of pre-fabricated
roofs to ensure the integral interaction between the roof and the walls. The primary cause
of failure in masonry structures is the lack of integrity between poorly bonded wall junctions
when these bands are not used. As they are made of reinforced concrete, not only do these
bands provide the tensile resistance necessary to strengthen horizontal edges around doors
and windows, they reinforce the walls against out-of-plane failure too.
A similar strategy to reduce tension is through the post-tensioning of parallel external
tendons, as shown in Figure 2.28. Prestressing these tendons compresses the wall on each
side to reduce tension while restricting out-of-plane bending.
Gable wall-to-roofJ
Hloor hand
Floor to wall
cononection nein
Exterio mth hand
Figure 2.27: Bands and connections for a masonry building (CPWD, 2008)
Steel bars at the vertical edges of each wall segment provides key tensile resistance to
in-plane bending, as shown in Figure 2.29. For proper performance, these bars should be
anchored to the foundation and roof bands, and run continuously through all floors of the
masonry structure. A less extensive reinforcement technique involves the reinforcement of
window openings in particular, when they do not meet guidelines established in Figure 2.21.
Reinforced concrete lines the opening of the window, as shown in Figure 2.30, which ties
into the ring beam at the lintel level. Based on the seismic hazards defined by the building
categories from Figure 2.20, the conditions for the recommended reinforcement techniques
discussed so far are listed in Figure 2.31.
(a) pla (h) Isometric view
I- Tendons for prestressing
2- Anchor plates with turn buckles
Figure 2.28: Post-tensioning by external tendons (CPWD, 2008)
Figure 2.29: Vertical bars in a masonry building (CPWD, 2008)
Vertical bar 8
Figure 2.30: Strengthening masonry with reinforced concrete around opening (Duggal, 2007)
Building category Number of storeys Strengthening to be provided in
all storeys
A (i) I to 3 a
(ii) 4 a, b. c
B (i) I to 3 a, h. c.f, g
(ii) 4 a, b, c, d,f, g
C (i) I and 2 a, b, c,f. g
(ii) 3 and 4 a to g
D (i) I and 2 a tog
(ii) 3 and 4 a to h
F Ito3* atoh
where
a: Masonry mortar
b: Lintel band
c: Roof band and gable band where necessary
d: Vertical steel at corners and junctions of walls
e: Vertical steel at jambs of openings
f Bracing in plan at tie level of roof
g: Plinth band where necessary
h: Dowel bars
*4d storey not allowed in category E.
Figure 2.31: Strengthening arrangements recommended for masonry buildings (rectangular
masonry units) (Duggal, 2007)
An example of a successful retrofitting of a factory building using horizontal bands and
vertical columns is shown in Figure 2.32.
Figure 2.32: Retrofitting of a factory building (CPWD, 2008)
An alternative method to introducing rather obtrusive vertical or horizontal bands within
an existing building is the attachment of criss crossings steel plates on the walls, as shown
in Figure 2.33. These plates provide the tensile strength to resist failure modes in shear
walls and out-of-plane bending. It is essential that they are integrated to the structural
behavior of the masonry wall through strong connections that prevent detachment during
seismic activity.
Figure 2.33: Strengthening of wall with steel plates (CPWD, 2008)
2.4.4 Fiber Reinforced Polymers
An alternative to typical reinforced concrete and steel techniques is the retrofitting of walls
with Fiber Reinforced Polymer (FRP) composites. As it can be installed as pre-formed
shapes, bars, or sheets, FRP offers many benefits over traditional reinforcement materials
through the combined interaction of polymeric resin and high strength non-metallic fibers. It
is light and flexible with a quick curing time, high strength-to-weight ratio, and good fatigue
strength as opposed to masonry materials. It does not require drilling that could disrupt
existing structural performance of the masonry members or historical architectural aspects,
and can remain unobtrusive due to its minimal required installation size. With its shear and
flexural capacities, it provides reinforcement for both in-plane and out-of-plane failures. A
typical FRP composite structure is shown in Figure 2.34, and can be applied in a variety
of orientations as shown in Figure 2.35, as well as column wrapping, beam lamination, and
joint reinforcement.
Additionally, it comes in a range of strengths and properties to fit a variety of retrofitting
needs. An example of FRP applied to seismic damage in a masonry structure is shown in
Figure 2.36. While it is more expensive as a material, it has been proven to save retrofitting
costs in labor, equipment and construction. Despite the listed benefits that have led to its
1P r 
-
Concrete j
Figure 2.34: Typical lay-up of FRP composite (extruded view) (CPWD, 2008)
i a) Full surface bonding (b) X-frame
td) H -framc
(c) Reinforced X-trame
(c) Picture frame (f) Reinforced picture Frame
Figure 2.35:
2008)
Configurations of FRP laminates for retrofitting of masonry walls (CPWD,
increased popularity, it fails quickly through de-bonding and tearing and should be designed
with proper analysis of the existing masonry conditions.
Figure 2.36: Damage to URM walls retrofit with vertical FRP strips (Gemme, 2009)
2.4.5 Base Isolation
A developing revolution in seismic engineering is the study and application of base isolation
and energy dissipation. Base isolation involves separating the entire superstructure above the
foundation through a device that increases the building's horizontal flexibility by decoupling
the building from ground motion and providing damping. There are a variety of base isolation
devices are shown in Figure 2.37. While base isolation may prove expensive and difficult to
lninated
(a) Amnmated rubber bearing d aninated rubber heaing
with Iead Core
Concve surface -I Sld
(d) Fricown pendulumn bearing
Stuunless
Steel
(c) Sliding boanns
Figure 2.37: Different types of base isolation devices (CPWD, 2008)
install, it is advantageous when other changes to the superstructure are impossible. A typical
schematic of a base isolation system applied to a masonry structure is shown in Figure 2.38
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Figure 2.38: Details of base isolated masonry structure (Gemme, 2009)
2.5 Summary of Literature Review
With an understanding of seismic dangers and the potential impact on human safety from
structural damage, this literature review discusses the behavior of unreinforced masonry
structures and accepted strategies for influencing their performance under seismic loading.
This thesis examines both in-plane and out-of-plane failure modes of masonry walls as applied
to shear walls and box structures. Experiments follow for both unreinforced and reinforced
models using the horizontal and vertical reinforcement techniques introduced in this chapter.
While the discussion thus far introduces the behavior of masonry structures under seismic
loading, the following chapter continues the review with analysis methods that examine and
model these behaviors.
Chapter 3
Methods for Analysis
Masonry performs linearly until brittle failure through cracking. This is followed by a non-
linear behavior until the structure collapses once it is unbalanced. There are a variety
of strength and performance based approaches that measure and predict the behavior of
masonry structures, categorized into either quasi-static or dynamic analysis methods. Among
the quasi-static methods, equilibrium methods, while approximate, are the simplest and
most widely used methods today. Yet, these methods rely on the assumptions of strength
based approaches that are limited with the analysis of the brittle failure of masonry. Rigid
block dynamics are introduced through the rocking block method, leading to computational
methods of Discrete Element Modeling. These methods have appropriate applications and
thoroughly investigate component performance, yet they remain limited in their accuracy of
the governing failure modes with considerable uncertainty in the global behavior of masonry
structures.
3.1 Quasi-Static Analysis Methods
Quasi-static methods provide a first-order seismic assessment by ignoring dynamic effects,
therefore reducing computational power, time, and expense, while remaining practical in
assessing masonry structures.
3.1.1 Equilibrium Methods
Equilibrium methods, also known as stability methods, apply a constant horizontal accel-
eration to a structure to represent an equivalent constant horizontal acceleration. These
methods conservatively ignore the fact that seismic motions are only for short times, yet are
only appropriate when stability is the greatest concern, and elastic resonance is expected
to be negligible. Finally they are used primarily for pure compression structures, which are
generally historic masonry.
These methods are based around the concept that if the thrust line of the structure
remains within the masonry, it will stand. While these methods have been used for centuries,
they rely on the following key assumptions (DeJong, 20):
" The static analysis is based entirely on stability through geometry, thus scale does not
matter and smaller scale models can be used
" Individual blocks can not slide or crush, but can separate or hinge. Hinges allow the
structure to remain stable after a thrust line exits the masonry until there is no longer
equilibrium.
" Tilting is an appropriate method for applying a constant horizontal acceleration as
stresses are a minimal concern.
3.1.2 Strength Methods
When the assumptions of equilibrium methods are not appropriate, strength methods assess
masonry failure through an analysis of the elastic strength of the material leading to brittle
failure. There are commercial micro-scale crack models, as shown in Figure 3.1 that are
used to predict damage to masonry structures, but these are poorly defined to address case
specific material properties, geometry, and existing damage, and thus should be used with
an understanding of the limited accuracy. Additionally, the complexity and focus of these
models is guided towards research and academia, with limited engineering applications in
practice.
(a) __ _ _ _ _ _ _ _ _ (b)
Figure 3.1: Analysis of a masonry wall under in-plane loading: (a) geometry and loading,
and (b) final damage distribution map (DeJong, 2009)
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Performance Methods - FEMA
Strength based approaches are limited in determining the ultimate failure modes of ma-
sonry structures, as masonry is capable of structural integrity by dissipating large amounts
of energy beyond brittle failure. Rather, total failure is reached once stability is lost due
to displacement that is typically governed by gravity (Meyer, 2006). Through macro-scale
modeling, FEMA provides a design code that uses performance based design with consid-
eration of the non-linear strength of masonry. A typical in-plane shear wall is represented
through a shear displacement model using shear springs to represent piers between openings,
as shown in Figure 3.2. The four strategies outlined in FEMA are as follows:
" Linear Static Procedure
" Linear Dynamic Procedure
" Nonlinear Static Procedure
" Nonlinear Dynamic Procedure
As a macro-scale model, detailed guidance for analyzing masonry shear walls through these
procedures is given in FEMA 356 that is appropriate for the engineering industry.
0 7-]Pier
shear
springs
Figure 3.2: Schematic of model implied in FEMA 256 for in-plane analysis of perforated
URM walls (Yi, 2006)
FEMA provides these analysis procedures for unreinforced masonry though the behavior
of masonry is still very unclear. These analysis procedures for unreinforced masonry vary
in accuracy based on the actual failure mode that will be experienced by the structure,
behavioral assumptions despite the orthotropic consistency of masonry, and the difficulty
of incorporating post-brittle energy dissipation into models and predictions. In response,
FEMA proposes a tiered system for data collection requirements based on the need for ac-
curacy in a structure, shown in Figure 3.3, as more comprehensive analyses require more
Table 2-1 Data Collection Requirements
Level of Knowledge
Data Minimum Usual Conprehensive
Rehabilitatio BSO or Lower BSO or Lower Enhanced Enhanced
n Objective __
Analysis LSP. LOP All A l
Procedures
Testing No Tests Usual Testing UsualTestng Comprehensive Testing
Drawings Design Or Design Or IDesign or Construction Or
Drawings Equivalent Drawings Equivalent Drawings ! Equivalent Documents Equivalent
Condition Visual Compre- Visual Compre- Visual Compre- visual Compre-
Assessment hensive hensive hensive hensive
arIal From From From From From From From From
Properties Drawings Default Drawings Usual Drawings Usual Documents Compre-
or Default Values and Tests Tests and Tests Tests and Tests hensive
Values Tests
Kno%,ledge 0.75 0.75 1.00 1. 00 0.75 0.75 1.00 1.00
Factor(K)Construction O
Figure 3.3: Data Collection Requirements (FEMA, 2000)
laborious and economically demanding testing and analytical procedures. Even then, a
thorough analysis of masonry walls under each of these analysis procedures provides varying
degrees of accuracy, which may or may not affect whether a structure meets regulations.
Additionally, FEMA's analysis of reinforced masonry is limited to modern engineered ma-
sonry buildings on a component level. An example is shown in the method of calculating
steel framing with masonry infill through the representation of masonry as a compressive
strut that braces the frame, as shown in Figure 3.4, so that it strengthens an isolated shear
wall. These structural systems are not present in unreinforced or non-engineered masonry
structures such as traditional masonry construction. Finally, the methodology and equations
in FEMA's guidelines are based on experimental data of isolated masonry elements, which
do not accurately extrapolate their performance into a global model (Bouchard, 2007).
Mid-America Earthquake Recommendations
As FEMA was published in 2000, additional progress has been made in guiding the accuracy
of these analysis methodologies. A study at the Mid-America Earthquake (MAE) Center
confirms inaccuracies in FEMA methods through a full-scale experiment of a two-story un-
reinforced masonry building, shown in Figure 3.5. It recommends a selection of changes in
the assumptions that FEMA uses for the analytical procedures (Yi, 2006). The study sug-
gests changes to the assumed primary failure mode with toe-crushing as a subset of rocking,
updates the contributing effective heights of masonry piers in shear walls, and addresses
the need for consideration of global overturning moment, rocking, and flange contributions.
Failure is then seen in two primary modes:
* Flexural strength - rocking and toe crushing
_4
Figure 3.4: Compressive Strut Analogy - Eccentric Struts (FEMA, 2000)
* Shear capacity - sliding and diagonal tension
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Figure 3.5: Unreinforced masonry test structure (Yi, 2006)
Overturning effects become considerable in cases when the height of a structure is about
equal to or greater than its length. While FEMA 356's methods are based on macro-scale
models dominated by inter-story shear displacement, overturning moments can be the pri-
mary source of deformation, leading to global rocking. MAE proposes modifying the FEMA
code with a global base rotational spring, as shown in Figure 3.6, as determined by the
,EM&_].I
,NUM
... ... . ... .. . ... .. ..... . ... . .. ...
/ plaoes
Post-ansione steel rod
RC foundaion
converting a moment-curvature relationship of the overturning moment in the first floor into
a moment-rotation relationship in the spring.
Flange weight
curvature L
distribution Base rotational spring to
model global rocking
Figure 3.6: Schematic of existing
modifications (Yi, 2006)
in-plane wall model given in FEMA 356 with proposed
Flange contributions occur when a portion of the out-of-plane walls
the in-plane walls. Flange participation, as shown in Figure 3.7, can
three primary ways (Moon, 2006):
move together with
contribute through
" Compression flange - The flange resists compressive stresses that result from the rocking
of the adjacent pier.
" Global tension flange - A portion of the wall is lifted up by global rocking.
* Component tension flange - A portion of the wall is lifted by local pier rocking.
These flanges benefit global structural performance and alter failure modes by increasing
flexural strength, providing extra weight to resist overturning moments and increasing com-
pressive stresses.
Overall, MAE estimates up to 46% error in the predicitons from FEMA that is clear from
the neglect of global flange and overturning effects (Yi, 2006). After analysis of the full-scale
model, failure is noted to be dominated by rocking and sliding, while large openings lead
to domination by rocking of individual piers. Finally, a majority of the failures occur at
the interface between bricks and mortar, supporting the assumption of models that focus on
discrete separation of masonry blocks.
Load Directio 
.
Component Complonent,
Tansi o Tension Flange BI~] Flange A
Wal B
Wall A 2-7  P2-8 P2-9
Length ofW 1-4 comp. flange
Figure 3.7: Schematic illustrating definition of flanges (Yi, 2006)
3.2 Dynamic Analysis Methods
Dynamic methods predict the collapse of masonry structures through an analysis of distinct
blocks based on rigid body dynamics. While this thesis will focus on developing a tool
through quasi-static analysis, an overview of dynamic methods is provided.
3.2.1 Analytical Methods
The simplest model, the rocking block method, is the first systematic analysis of the behavior
of rigid bodies in horizontal motion with limited degrees of freedom. Without sliding or
bouncing, a block is assumed to rotate about its corners on a rigid base, with a plastic impact
as the hinge switches corners between directions of tilt. Through a series of assumptions for
a particular case of a slender block rotating at small angles, the relationship between tilt
angle and period, shown in Figure 3.8, provides the basis for many rocking block studies
since this method was developed.
3.2.2 Computational Methods
More complex discrete body computational methods address systems with many degrees of
freedom, such as structures composed of many discrete blocks. Through Discrete Element
Modeling (DEM), computational programs can analyze structures with a discontinuous na-
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Figure 3.8: Rocking block analysis by Housner (1963): (a) definition of the rocking motion,
and (b) the natural rocking period (T) as a function of the rocking angle 6. (DeJong, 2009)
ture of distinct blocks. DEM models fall into two categories based on inter-block boundaries.
The first, such as the Universal Distinct Element Code (UDEC) and the 3-dimensional Dis-
tinct Element Code (3DEC) shown in Figure 3.9, allows slight interpenetration between
blocks, known as "compliant contact", represented as a spring-dashpot element. Methods
which do not allow block interpenetration, known as "unilateral contact", include Non-
Smooth Contact Dynamics (NCSD), as shown in Figure 3.10. Even with these available
Figure 3.9: Example of 3DEC model of masonry failure (DeJong, 2009)
Figure 3.10: Example of NSCD model of masonry failure (DeJong, 2009)
software tools, Finite element modeling (FEM) tools that accurately represent dynamic res-
onance effects and post-cracking non-linear behavior together need further development.
Additionally, there remain difficulties in existing computational tools in defining material
.................................... .. --- -- -- -
(b)
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and structural parameters without an established methodical manner to do so, thus exper-
imental verification is often needed for these methods. Finally, the complexity of and the
required time to develop and master these technologies, as well as the cost to conduct anal-
yses through these computational methods eliminate the practicality of applying these tools
to many vulnerable masonry structures.
3.3 Summary of Analysis Methods
There is still limited study into the global comparison of reinforcement behavior and the
performance of global design strategies that are appropriate for the engineering industry,
not exhaustively computational, and comprehensive without overly simplified procedures.
Current approaches still leave the need for further research in masonry behavior and global
analysis methods that are economical and efficient without sacrificing accuracy. Computa-
tional modeling, though expanded to represent global interactions, remains time consuming
and expensive with limitations that should be understood clearly to guide the methods in
which they are applied, as a systematic procedure for defining parameters still lacks.
Chapter 4
Methods for Experimentation
4.1 Modeling Procedure
This thesis will propose and analyze a method of physical modeling of masonry structures to
empirically compare design strategies for building parameters and reinforcement techniques
on a component and a global level. In a quasi-static tilt analysis, a constant horizontal
acceleration is applied through a component of gravitational acceleration on scaled masonry
structures. As described in the previous chapter, this analysis is based on geometry without
consideration of stresses, thus scale is not a concern, nor is crushing a failure mode in the
model. However, as the structure is composed of distinct elements of masonry blocks, the
model considers sliding of the elements as a failure mode that results from shear, in addition
to rocking. These are the two primary failure modes observed in the full-scale model by
MAE. Representations of building dimensions and reinforcements are explored and analyzed
as they are applied to the model in concordance with regulations explained in Chapter 2.
The typical dimensions of each block are given below, and shown in Figure 4.1:
B = 2.0625in= 5.24cm
H = 0.5625in = 1.43cm
T = 1.0625in = 2.70cm
where B is the block width, H is the block height, and T is the block depth. The average
block mass taken from a sampling of ten blocks is 43.2 grams. The blocks are supplied by Bon
Tool Co., a 50 year professional manufacturer of masonry, concrete, and other construction
tools (Bon Tool Company, 2009). All calculations for this section are found in Appendix A.
Using these blocks, experiments will be done on initial structures with up to 416 blocks
built without mortar, as shown in Figure 4.2. An initial set, discussed in Chapter 5, will
Figure 4.1: Bon Tool Company Scaled Masonry Block
verify the behavior of these blocks for accurate representation of masonry behavior, with an
investigation of the following masonry structures in Chapter 6:
" Isolated Shear Wall
" Box Structure for a Single Story Square Room
" Box Structure for a Square Tower
Figure 4.2: Sample of a Box Masonry Structure using Bon Tool Co. Blocks
4.2 Reinforcement Techniques
Reinforcement techniques will be modeled through a variety of available tools that effec-
tively integrate with the masonry blocks in a recyclable manner for the efficiency of these
experiments. Three reinforcement scenarios will be studied in the scope of this thesis:
. ........ - ......... . ... 
* Vertical Steel Reinforcement
" Horizontal Bands (Ring beams)
" Combined Vertical and Horizontal Reinforcement
Vertical steel reinforcement will be simulated through the use of steel pipe cleaners. The
metal sections fit ideally within the holes in the bricks, while the fibers simulate the bonding
that would occur between steel reinforcement and the masonry structure. Horizontal bands
will be simulated through a thin layer of non-drying clay to provide the desired lateral link
between the bricks. This material will not sever from itself or the bricks prior to the frictional
or tilting limits of the distinct blocks in the structures. This ensures that it demonstrates
the effect of a lateral restraint on the global behavior of the structure. This primary analysis
will only discuss vertical reinforcement.
4.3 Tilt Analysis
4.3.1 General Method
A quasi-static tilt method is applied for the analysis of the modeled masonry structures under
lateral loading. While this equivalent static loading does not represent the effects of dynamics
as presented through seismic loading, it provides a manner to measure performance through
the lateral load capacity of the structure until collapse. As the ground surface is tilted,
the vertical component of gravitational acceleration within the local axis of the structure
decreases, as the horizontal component increases. Since crushing does not occur in this
model, the decrease in vertical acceleration is not a concern. The focus is rather the ratio
of vertical acceleration (ii,) and horizontal acceleration (iih) within the local axis of the
structure, in relation to the angle of tilt (a):
UV_(41
-= tana (4.1)
Uih
In the simplest example of a single block, the thrust line from gravity, the only force acting
on the block, is drawn vertically down from the center of gravity along the global axis as
shown in Figure 4.3. Once the thrust line exits the body of the block as the structure is
tilted, the critical angle is reached at which the structure is no longer stable, thus a hinge
forms at the lower corner and the structure overturns. The relationship between the critical
angle and the geometry of the block is given by the following formula:
tana H (4.2)
H
where B and H are defined in Figure 4.3.
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Figure 4.3: Tilting thrust line analysis of a single block (DeJong, 2009)
4.3.2 Tilt Analysis of Masonry Components
This general method for tilt analyses can be applied to a variety of masonry structures to
study lateral load behavior. Figure 4.4 and Figure 4.5 are diagrams for tilt analyses of a
stack of blocks across width and thickness respectively. The expected critical angles vary
based on the height of the stack, yet the expected angle as compared to the height to width
ratio always remains the same. Rather, in the case of these two tilt scenarios, the thinner
width results in a series of larger height to width ratios, and thus lower expected critical
angles for the out-of-plane wall. A comparison of predicted in-plane and out-of-plane critical
tilt angles over a range of stack heights is shown in Figure 4.6.
An experimentally determined angle for friction is shown in Figure 4.6 clearly demonstrat-
ing that other failure modes are expected prior to global overturning for wider structures.
This angle is shown in each graph in this section for the purpose of comparing expected
failure modes, of which the lower boundary of the plotted modes should be expected. An
explanation for the calculation and experimentation for this friction angle is found in Section
4.4 and Section 5.1 respectively.
The tilt analysis is applied to a rocking analysis of a masonry wall, as shown in Figure 4.7.
The correlation between the expected critical angle and the structural width to height ratio
is shown in Figure 4.8. As expected, it approaches 90 degrees for extremely low height to
width ratios, or virtually flat structures.
As seen in Figure 4.8, the critical angle for wide structures with large width to height
ratios is beyond an expected failure of a typical structure, as other failure modes are expected
Bc.g.
Figure 4.4: Stack tilt analysis across width
Figure 4.5: Stack tilt analysis across thickness
Critical Tilt Angle vs. Height to Width Ratio
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Figure 4.6: Graph: Stack Critical Angle
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Figure 4.7: Global in-plane tilt analysis
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to occur prior to global overturning. One such failure, in addition to the friction failure
already introduced, is through the failure of a corner of the in-plane shear wall, as shown
in Figure 4.9. As a corner separates from the global structure, the new dimensions of this
distinct element, and the new center of mass present another possible critical angle.
HH
Figure 4.9: In-plane corner tilt analysis
There are many possible geometric patterns in which the corner can detach from the
wall. Two primary methods are discussed. The critical angle of these corners depends on
the height to width ratios of the triangular sections. Thus, the method for the formation of
the corner dimensions determines the average corner capacity, regardless of scale.
The first method determines the dimensions of the sheared corner through a strictly
geometrical pattern. As the height is increased by one block, every other increase causes an
increase in the required corner width based on the interlaced design of the masonry stack.
This results in wider triangles with higher capacities for critical angles.
The second method relies on a mathematical approach to maintain isosceles triangles in
the corners with equal sides on the top and side of the wall. The total width of the corner is
minimally maintained at a greater length than the total height. As these triangles are not
as wide, this results in a decreased capacity through the critical angle.
These two methods are graphed in Figure 4.10, along with the global overturning angle
and frictional failure angle for comparison. As shown by these plots, the behavior of the
critical angle is entirely independent of the method that determines the geometry of the
section, and relies solely on the width to height ratios. Instead, the method of failure in the
triangular section determines the grouping of the failures, as a wider formation will result in
larger critical angles.
This pattern will also continue if the corner width to height ratio decreases, approaching
the overturning behavior of a narrow vertical wall. For example, in the preliminary experi-
ments of this thesis, the actual failure modes involve triangular sections that span the entire
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Figure 4.10: Graph: Corner Critical Angle
height of the structures, yet only a few blocks across the width. This results in smaller width
to height ratios and small critical angles, as shown in Figure 4.10. The appropriate method
for predicting the failure of the corners can be chosen through examination of the failure
modes shown through the physical models.
4.4 Friction
Along with overturning, sliding is the second primary mode of failure in these models. This
failure mode is governed by the friction properties of the materials, specifically the coefficient
of static friction between the masonry units. As long as the lateral force in the structure's
local axis is less than the critical friction force required to prevent sliding, the blocks will
not slide. The following forces govern the behavior of friction:
Ff = pN (4.3)
N = mai (4.4)
Uv = 6icosa (4.5)
6h = igsina (4.6)
where Ff is the force of friction, p is the coefficient of static friction, N is the normal force,
and m is the mass of the block, all shown in Figure 4.11. Considering global equilibrium for
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Figure 4.11: Determination of coefficient of static friction. Note: 0 in this figure is a in text
(Georgia State University, 2005)
all forces acting on the block, the friction force is determined by the following:
Ff = muh (4.7)
The critical friction force is determined through equations (4.3) and (4.8) at the critical tilt
angle. Finally, this results in a coefficient of static friction equal to the tangent of the critical
angle of failure:
I = tana (4.8)
4.5 Summary of the Experimental Method
This thesis uses a quasi-static analysis method applied to discrete masonry blocks to simulate
horizontal forces using a tilt table. The structures are built with miniature blocks without
mortar for both unreinforced and reinforced cases. A tilt analysis on these structures is ap-
propriate for analyzing structural performance by measuring horizontal acceleration through
a component of gravitational acceleration. Overturning is expected once the thrust line exits
the boundaries of the structure, which is expected for out-of-plane tilting of the masonry
blocks and similar geometries of large height to width ratios. Overturning is expected to
be preceded by other failure modes for structures with larger width to height ratios, such
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as corner failure of the shear wall. Overall, each of these failure modes is limited by the
expected frictional failure angle, at which point the blocks will all fail by sliding. A mathe-
matical analysis of the masonry components provides a basis for the expected failure modes
that should influence the experimental masonry structures. This is confirmed through the
preliminary experiments of the following chapter.
Chapter 5
Behavior of Masonry Models
Initial experiments are used to determine the behavior of the model and confirm its behavior
as predicted analytically. Observation of the failure mode and the critical angles provides
insight into the behavior of the masonry and the primary failure modes. Along with instabil-
ity in the raising process of the tilt table, imperfections and irregularities in the dimensions
of the individual blocks lead to experimental errors that build upon themselves as the struc-
ture becomes more complicated. Thus, multiple trials for each scenario are performed and
average results are computed.
Additionally, each of the angular results from these experiments are converted with equa-
tion (5.1) from degrees to an equivalent horizontal acceleration, Ag, where A represents a
fraction of gravitational acceleration, g. Equation (5.1) uses the same method discussed in
Chapter 4 for friction to determine the horizontal component of gravity that is applied in
these models. This provides a direct comparison based on the failure angle for an actual
horizontal force that initiates a collapse mechanism in these structures. All calculations and
a complete set of images for the experiments in this chapter can be found in Appendix B
and Appendix C respectively.
A = sin(0) (5.1)
5.1 Vertical Stack
The first experiments are performed on the simplest structural form: a single vertical stack of
bricks. A short stack is shown in Figure 5.1. The critical angle and failure mode are recorded
for each stack as the height is increased each time by one block. The observed failure mode
is sliding until the stack is seven blocks tall, at which point both sliding and overturning
is noted. Above that, overturning is observed as the primary failure mode. The empirical
results are shown in Figure 5.2 along with the predicted critical angle for overturning failure.
Figure 5.1: Stack of three blocks in tilt
As the critical angle for the sliding cases is relatively constant, the critical angle for sliding
is determined empirically from the average angle in which sliding is the only mode of failure.
The experimental results determined a critical angle for sliding of 28.2 degrees, resulting
in an equivalent horizontal acceleration of 0.479 and a coefficient of static friction of 0.54.
Above seven blocks in height, the critical experimental angle follows the expected angle for
overturning based on the dimensions of the stack since it becomes lower than the angle that
induces sliding.
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Figure 5.2: Graph: Stack results
The same experiment is conducted with a fixed base to prevent sliding and isolate po-
tential sliding failure between the box and wooden surface of the tilting table, thus limiting
sliding to only between the blocks themselves. The resulting critical angle is 27.1 degrees,
with an equivalent horizontal acceleration of 0.46g and coefficient of static friction of 0.51.
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It is expected that, if anything, the fixed base would result in a higher critical angle, and
increased coefficient, because a lower coefficient between the blocks would initiate failure
regardless of the fixity of the base. Rather, the minimal decrease in the critical angle is
assumed to be experimental error. As with the free base stack, the behavior of the model
broadly matches the predicted transition between sliding and overturning.
5.2 Rectangular Base Structure
The next series of experiments consists of an increasing width in a rectangular structure
maintained at a height of thirteen blocks. The first structure is built upon a 1 by 1 square
base, with a resulting side length of B + T. In this case, the failure mode is clearly global
overturning, matching the predicted calculations based on its dimensions. Yet, for greater
in-plane wall lengths than a single B + T base as shown in Figure 5.3, alternate failure modes
become primary as the critical global overturning angle for greater dimensions becomes much
higher.
Figure 5.3: 1 by 4 rectangular structure showing direction of tilt
In two separate cases, the side in each direction is increased by one block for each trial,
resulting in one series of structures which fails in sliding, shown in Figure 5.3, and another
that fails in out-of-plane failure through overturning of the long walls. Empirical results and
calculated failure angles for distinct failure modes are presented in Figure 5.4. Sliding failure
is consistent around a horizontal force of 0.40g, which is less than the stack of bricks, but
possibly due to irregularities in the bricks as each overlaps two separate brick halves in these
models. Prior to sliding failure, the single sided 'x-cracking' in longer walls can be seen in
Figure 5.5 as a result of the in-plane shear in one direction.
The out-of-plane failure is consistent with the predicted failure based on a structure with
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Figure 5.4: Graph: Rectangular structure results
Figure 5.5: X-cracking exhibited from in-plane shear
dimensions of T by 13H, yet a few degrees higher due to the flange effects of the in-plane
walls. While the MAE study discussed in Chapter 3 predicted flange effects from the out-
of-plane walls assisting in-plane shear failure, the flange effects in this model involve the
in-plane flange assisting out-of-plane failure. This occurs because the lateral loading of this
tilt model is uniformly applied to the entire structure while the MAE study applies load
discretely to the shear walls at the locations of each floor (Yi, 2006).
5.3 Unreinforced and Reinforced Square Base Struc-
tures
5.3.1 Unreinforced Square Base Structure
The final set of experiments in this chapter pertains to unreinforced and reinforced structures
with square bases maintained at a height of thirteen blocks, ranging from a base of B + T
to 4B + T inches, and shown in Figure 5.6.
Figure 5.6: Unreinforced square 4 by 4 structure
As noted in the rectangular base section, the 1 by 1 base towers exhibit clear global
overturning. The first case, an unreinforced square structure, then exhibits corner failure
in the lower top corner of the structure before global overturning takes over due to the
unbalanced form of the damaged structure as shown in Figure 5.7.
Greater wall lengths begin to exhibit out-of-plane wall failure, along with slight corner
failure from the lower top corners of in-plane walls. Note that the out-of-plane failures are
still much higher than isolated walls due to the global stability provided by the moment
connections to the in-plane walls. Finally, the second failure mode is achieved through total
sliding of the shear walls at an average force of 0.42g. While this value is lower than the two
Figure 5.7: Damage of a two by two unreinforced square structure
angles for sliding failure from the stack experiments, it is expected with the instabilities from
the damage that remains after the first two out-of-plane wall failures, seen in Figure 5.8. Any
movement in the unbalanced structure could initiate kinetic frictional failure, which has a
lower capacity than static frictional failure.
Figure 5.8: Damage of a three by three unreinforced square structure
5.3.2 Reinforced Square Base Structure
Vertical reinforcement is evaluated in this section for the purpose of showing that rein-
forcement techniques properly integrate and influence the behavior of these discrete scaled
blocks. This initial reinforced structure is equipped with vertical steel reinforcements inserted
through the entire height at each corner, shown in Figure 5.9. There is a clear improvement
in performance in the 2 by 2 base structure, as failure is global overturning without local-
ized corner failure, and the critical angle is increased to match the behavior of predicted
overturning. This parallel behavior can be seen in the comparison of the failure modes of
the unreinforced and reinforced square structures in Figure 5.10. Failure for these larger
dimensions and higher modes is limited by frictional failure, which is plotted for comparison
in Figure 5.10, thus global overturning is never reached.
Figure 5.9: Reinforced square 4 by 4 structure
For the greater dimensions in the reinforced structure, out-of-plane failure of the walls
is not affected by the vertical reinforcements in the corners, as shown in Figure 5.10 with
the matching initial failure angles for the two greater width to height ratios. However, the
integrity of the reinforced out-of-plane wall results in overturning of the entire out-of-plane
wall along with a flange from each in-plane wall, shown in Figure 5.11. This failure is close
to the expected corner failures of the in-plane walls, yet these values are lowered by the
additional force from the out-of-plane wall weight.
The final failure of the reinforced structure is the overturning of the remaining back
corner of the structure as it slides down the table at force of 0.46g. This is fairly consistent
with the expected failure angle for sliding determined in the stack experiments, while the
expected overturning angles for these back sections are much greater than the critical friction
angles.
5.4 Summary of Initial Masonry Experiments
An analysis of the behavior of these masonry models proves the ability of this procedure to
represent the behavior of structures comprised of distinct masonry blocks. Although these
methods do not provide details into the strength of the models as they ignore stresses, they
show clear behavior leading up to performance failure through the changing equilibrium of
the structure. The equivalent horizontal acceleration that is derived from the measured
Comparison of Unreinforced and Reinforced Square Structure Failures
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Figure 5.10: Graph: Square structure results
Figure 5.11: Lower wall overturning with in-plane triangular flanges
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failure angles indicates the onset of specific collapse mechanisms once the value is exceeded.
While not overwhelmingly computational, this is a basis for analyzing the global behavior
for a variety of masonry designs, thus providing a manner to compare the effects of design
and reinforcement techniques.
Chapter 6
Empirical Analysis of Unreinforced
and Reinforced Masonry Structures
Using the methodology explained and confirmed with the behavior of the masonry modeling
techniques introduced thus far, a selection of masonry structural geometries has been selected
and will be compared with a selection of reinforcement techniques. The following structural
types are examined:
" Shear Wall
" Square Box
" Square Tower
These geometries are tilted in unreinforced and reinforced conditions using vertical steel, ring
beams, and a combination of these two reinforcements. Values for the recorded failures are
given as an equivalent horizontal acceleration, Ag, a fraction of gravitational acceleration,
g. A complete collection of photographs for each structure and its failure modes is found in
Appendix D through Appendix F. All results and calculations for these sections are found
in Appendix G through Appendix J.
6.1 Explanation of Dimensions
The design of each of the structures used in these experiments is selected within the di-
mensional regulations as suggested in Figure 2.13. Considering the limit for an unreinforced
non-natural stone masonry unit, the out-of-plane slenderness ratio, ve, should be under
12 according to Eurocode 8 (Booth, 2006). For the structures in these experiments of 13 to
20 blocks tall, the out-of-plane slenderness ratios are 6.88 and 10.59 respectively, thus within
regulations.
6.2 Shear Wall Experiments
6.2.1 Unreinforced
The first set of experiments is the shear wall which serves as an analysis of an isolated
component in the global models of the next section. This set up of 114 blocks involves a wall
with a width to height ratio of 2.40. The initial setup of the first unreinforced structure is
shown in Figure 6.1.
Figure 6.1: Shear Wall Setup
The failure modes, shown in Figure 6.2 of this structure are consistently a corner shear in
the lower half, followed by the complete sliding of the structure. Failure for the first corner
occurs at an average of 0.33g, while full sliding is at 0.42g.
6.2.2 Horizontal Reinforcement
Horizontal reinforcement in the shear wall is simulated through a component of a ring beam
with a strip of clay integrated with the top layer of the wall. While this does not provide
Figure 6.2: Shear Wall Failure
additional unity with intersecting perpendicular walls, this section of the ring beam will
increase the uniform action of the blocks across the length of the wall. The introduction of the
ring beam increases the first failure from 0.33g to 0.37g, thus supporting a much greater shear
capacity of the wall through the horizontal reinforcement that prevents isolated separation
of the corner. The failure shape of the wall, shown in Figure 6.3, primarily maintains the
triangular pattern of the unreinforced structure, yet the integrity of the ring beam and its
connection to the masonry blocks pulls the top layer of bricks along with the triangular
section in failure.
Figure 6.3: Horizontally Reinforced Shear Wall Failure
6.2.3 Vertical Reinforcement
Vertical reinforcement is placed at each end of the shear wall, which increases the experi-
mental force for the overturning of the lower corner to 0.41g. Though noticeable damage in
the wall is seen at around 0.34g, the structural performance of the wall in shear is signifi-
cantly higher, and almost matches the limit for sliding of the entire structure. Cracking and
overturning of these structures is shown in Figure 6.4.
Figure 6.4: Vertically Reinforced Shear Wall Failure
6.2.4 Combination of Horizontal and Vertical Reinforcements
When both reinforcements are used, failure of the corner is prevented entirely, and the pri-
mary failure of the structure is then the sliding of the entire wall across its foundation at
about 0.42g, as shown in Figure 6.5. In the case that the capacity of the horizontal reinforce-
ment is not strong enough to hold back the corner, the ring beam will fail and the corner
will overturn as shown in Figure 6.6. This is not a concern in the horizontal reinforcement
scenarios alone, as the blocks are expected to fail in friction between themselves prior to the
failure of the ring beam itself. Yet, in the combination of vertical and horizontal reinforce-
ment, the ring beam is secured into the vertical reinforcement, preventing the sliding of the
top layer of blocks. Therefore, it should be noted that the strength of the reinforcements in
the models in relation to the forces from the weight of the blocks will effect its failure mode.
6.2.5 Shear Wall Summary
A summary table for the equivalent horizontal accelerations for failure of the shear wall
in unreinforced and reinforced conditions is given in Table 6.1. Corner failure precedes
global sliding in each of the reinforcement scenarios, except for combined reinforcement.
A percent increase of the first experienced failure mode in comparison to the unreinforced
Figure 6.5: Combined Reinforcement Shear Wall Failure
Figure 6.6: Combined Reinforcement Shear Wall Reinforcement Failure
structure is given for each reinforced condition, showing increased performance with each of
the reinforcement techniques.
Table 6.1: Summary of Failure Accelerations, A(*g), for Shear Wall Experiments
Shear Wall Failure (1)Corner (2)Global % Increase
Failure Sliding
Unreinforced 0.331 0.375
Horizontal Reinforcement 0.375 0.391 13.3
Vertical Reinforcement 0.412 0.443 24.5
Combined Reinforcement - 0.417 26.3
As the behavior of the shear wall is now understood through the proposed unreinforced
and reinforced conditions, these expectations can be taken into the analysis of the behavior
of the global box model.
6.3 Square Box
The square box model is proposed to represent the behavior of a single room, single story
masonry structure with two sets of two parallel walls. With a width to height ratio of 2.40,
these models are made from 416 blocks with 8 blocks per width, as shown in Figure 6.7.
Figure 6.7: Square Box Setup
6.3.1 Unreinforced
The initial set up is an unreinforced structure that is primarily controlled via out-of-plane
failure of the walls that are perpendicular to the direction of the tilt. The theoretical pre-
dicted failure acceleration for an out-of-plane wall with a width to height ratio of 6.9 is 0. 14g,
which is quite comparable to the experimental results at an average of 0.13g. However, as
shown in Figure 6.8, the global behavior of the structure prevents a complete overturning of
the wall through the flange effects of the in-plane shear walls. As a result, the overturning
of the walls occurs in stages as the out-of-plane walls and in-plane flanges act as a single
connected unit and fail together. After the failure of the out-of-plane walls, the in-plane
walls exhibit similar behavior as the shear wall models in the previous section, with corner
failure at 0.34g, compared to 0.33g for the isolated unreinforced shear wall. Finally, total
failure of the remaining sections of the in-plane walls fails as the critical friction acceleration
is reached.
Figure 6.8: Square Box Failure 1
6.3.2 Horizontal Reinforcement
Horizontal reinforcement is modeled through a single square ring beam across the entire
surface of the top layer of the model. This reinforcement increases the integral behavior of
the out-of-plane and in-plane walls, thus increasing the capacity of the out-of-plane failure
from 0.14g to 0.17g. As the walls are all integrated, the first failure of the lower out-of-plane
wall initiates the failure of the upper out of plane wall as well for simultaneous failure, shown
in Figure 6.9. The following in-plane failure occurs at a higher acceleration since the ring
beam causes a greater portion of the in-plane walls to fall with the out-of-plane failures.
Figure 6.9: Horizontally Reinforced Square Box Failure 1
6.3.3 Vertical Reinforcement
The vertically reinforced square box consists of four pipe cleaners through each corner of
the structure. This placement allows for increased integrity in the connection between the
out-of-plane and in-plane walls, while providing the shear resisting benefits for the in-plane
walls with its moment capacity. The first failure of the out-of-plane walls is not effected,
with an expected failure at 0.14g, and neither is the following in-plane shear failure of the
lower corners at 0.35g. The vertical reinforcement does influence the behavior by creating
cleaner failure boundaries, leaving the in-plane walls completely isolated and intact prior to
their failure, as shown in Figure 6.10. This affects the failure of the second out-of-plane wall,
which fails at a weaker acceleration of 0.17g, closer to an isolated out-of-plane wall.
Figure 6.10: Vertically Reinforced Square Box Failure 3
6.3.4 Combination of Horizontal and Vertical Reinforcements
The combination of horizontal and vertical reinforcement offers the best solution for global
performance, as the out-of-plane failure acceleration is increased to 0.21g, and total failure of
the out-of-plane walls could be reduced if the ring beam reinforcement is strong enough. As
shown in Figure 6.11, the lower out-of-plane wall reinforcement did not have the necessary
capacity, yet the upper out-of-plane wall was able to remain intact to maintain the boundaries
on all four edges of the wall after an acceleration of 0.22g.
Figure 6.11: Combined Reinforcement Square Box Failure 2
The remaining failure of the in-plane walls depends on the contributions of the remaining
out-of-plane wall sections that remain from the horizontal reinforcement. As opposed to the
independent wall behavior in the solely vertically reinforced structure, the remaining out-of-
plane wall sections cause uneven torque in the wall sections. As shown in Figure 6.12, one
wall was capable of resisting the torque, while the other lost stability before the final friction
failure was reached. Figure 6.13 shows the effects of torque on the behavior of the remaining
in-plane wall prior to friction failure.
6.3.5 Square Box Summary
A summary table for the equivalent horizontal accelerations for the four sequential stages of
failure in the square box models is given in Table 6.2. Images for the corresponding failure
modes for an unreinforced square box structure are shown in Figure 6.14. An explanation
of the sequential failure modes is given below:
1. Out-of-plane failure for most of the lower wall and a smaller portion of the upper wall
2. Out-of-plane failure for another portion of the upper wall
Figure 6.12: Combined Reinforcement Square Box Failure 3
Figure 6.13: Combined Reinforcement Square Box Failure 4
3. In-plane corner failure of the shear walls
4. Global sliding due to frictional failure
Table 6.2: Summary of Failure Accelerations, A(*g), for Square Box Experiments
Square Box Failure
Unreinforced
Horizontal Reinforcement
Vertical Reinforcement
Combined Reinforcement
(3)
Out-of-plane
Lower Wall
0.131
0.174
0.139
0.208
Out-of-plane
Upper Wall
0.250
0.174
0.225-0.259
In-plane
Corner Failure
0.342
0.375
0.350
Figure 6.14: Corresponding sequential modes of failure for an unreinforced square box struc-
ture
The second angle does not exist for the case of horizontal reinforcement, as both out-of-plane
walls fail simultaneously. There is no third angle in the combined reinforcement case as the
in-plane wall corner does not fail with the combined reinforcement.
A percent increase to each sequential failure mode in comparison to the unreinforced
structure is given for each reinforced condition in Table 6.3. If there is a range of values for
a given failure, the initial value is used. The 3rd failure for the combined reinforcement is
global sliding since there is no in-plane corner failure.
A comparison of the percent increases in horizontal acceleration leading to each failure
shows the benefits of the ring beam on out-of-plane failure. Vertical reinforcement alone
Global
Sliding
0.423
0.423
0.423
0.423
, ,I ,
Table 6.3: Percent Increase for Square Box Experiments
% Increase for
Box Failure
Unreinforced
Reinforcement
Reinforcement
Reinforcement
1st Out-of-
Plane Failure
33.0
6.6
59.3
2nd Out-of-
Plane Failure
-30.6
-10.1
does not significantly improve the performance of the structure, but aides significantly in
both in-plane and out-of-plane failure when combined with horizontal reinforcement.
6.4 Square Tower
The final set of experiments analyzes the behavior of a masonry tower. The dimensions of
the structure are chosen to focus the global behavior on the height of the structure using
a width to height ratio of 0.64 with 240 blocks. The initial setup is shown in Figure 6.15.
This reduces the out-of-plane failure mode that dominates the square box structures, thus
focusing on overturning and sliding.
Figure 6.15: Tower Setup
Horizontal
Vertical
Combined
In-plane
Failure
9.5
2.4
23.6
6.4.1 Unreinforced
The unreinforced structure exhibits failure that is dominated by the overturning of the
structure as a whole. The first signs of cracking occur vertically around .169, located along
the connection between the in-plane and out-of-plane walls as shown in Figure 6.16. This is
followed by a few blocks which fall off near the top, while the next major failure mode is the
global overturning of a significant portion of the upper tower. This can occur at a variety of
heights, shown in Figure 6.17, at accelerations ranging from 0.229 to 0.24g as it is dependent
on minor differences in the individual blocks that effect the overall balance.
Figure 6.16: Tower Failure 1
Figure 6.17: Unreinforced Tower Overturning Heights
6.4.2 Horizontal Reinforcement
The introduction of the horizontal reinforcement changes the shape of the initial cracking
through the integral behavior of the four walls near the top. This results in a clear triangular
crack at 0.20g, as shown in Figure 6.18, that matches the direction of the overturning break.
As the reinforcement integrates the structure to act as a whole, the first crack appears at a
greater acceleration, and no minor blocks fall off the top before global overturning, which is
at a slightly higher horizontal acceleration as well, at .24g.
Figure 6.18: Horizontally Reinforced Tower Failure 1
6.4.3 Vertical Reinforcement
Vertical reinforcement significantly changes the failure behavior of the tower, as the corners
are now reinforced with tensile strength. The cracking behavior is again diagonal, yet now
it is a result of the bending moment in the lower out-of-plane wall, and occurs at a greater
capacity of 0.24g. As the vertical reinforcement does not control out-of-plane failure, the out-
of-plane walls collapse in stages as the model approaches its overturning failure acceleration.
The final overturning mode results in the failure of the lower two corner towers, leaving the
back corners, as shown in Figure 6.19. While this is the highest overturning capacity yet at
0.34g, it should be noted that most of the out-of-plane walls have fallen out by this angle,
resulting in decreased lateral forces on the in-plane walls resisting the overturning.
6.4.4 Combination of Horizontal and Vertical Reinforcements
The final combination of vertical and horizontal reinforcement provides the greatest perfor-
mance in failure modes and angles. The failure is dominated through clear global overturning,
with nearly no loss of structural integrity prior. At 0.31g slight movement is noticeable in
the back wall, which collapses into the structure at 0.33g, as shown in Figure 6.20. However,
this directly precedes the global overturning at 0.34g, and is still a greater capacity than all
previous reinforcement techniques.
Figure 6.19: Vertically Reinforced Tower Failure 3
Figure 6.20: Combined Reinforcement Tower Failure 2
6.4.5 Square Tower Summary
A summary table for the failure angles of the sequential stages of failure in the tower is given
in Table 6.4. Images for the corresponding failure modes for an unreinforced square tower
structure are shown in Figure 6.21. The sequential failure modes are listed below:
1. Cracking in the in-plane walls
2. Partial out-of-plane failure
3. Global overturning of the tower
4. Global sliding due to frictional failure
Table 6.4: Summary of Failure Accelerations, A(*g), for Square Tower Experiments
Square Tower Failure
Unreinforced
Horizontal Reinforcement
Vertical Reinforcement
Combined Reinforcement
(1)
(3)
Cracking
0.151
0.199
0.242
0.309
Partial Failure
Out-of-plane
0.211
0.259-0.309
0.326
Global
Overturning
0.231
0.242
0.342
0.342
Figure 6.21: Corresponding sequential modes of failure for an unreinforced square tower
structure
Global
Sliding
0.345
0.375
..
There is no second angle for the horizontal reinforced case, as the ring beam provides
global wall integrity. The fourth angle, which should match global sliding, is not recorded
for this case as the tower has mostly overturned. There is no fourth angle for the combined
reinforcement case as it completely overturns at the third angle.
A percent increase to each sequential failure mode in comparison to the unreinforced
structure is given for each reinforced condition in Table 6.5. If there is a range of values for
a given failure, the initial value is used.
Table 6.5: Percent Increase for Square Tower Experiments
% Increase for Cracking Partial Out-of- Overturning
Tower Failure Plane Failure
Unreinforced -
Horizontal Reinforcement 32.3 - 4.9
Vertical Reinforcement 60.5 22.9 48.3
Combined Reinforcement 105.0 54.4 48.3
Though the benefits of horizontal reinforcement aid in cleaner failure with a delayed onset
of cracking, vertical reinforcement significantly benefits the performance of a tower structure
with a height to width ratio of this scale. Although it seems both vertical and combined
reinforcement techniques share the same overturning benefits, most of the out-of-plane walls
have failed prior to overturning when only vertical reinforcement is present. Thus, when
combined with horizontal reinforcement, the integrated behavior provides reduced failure in
the structural integrity of the tower until the complete global overturning of the structure.
6.5 Summary of Experimental Results
The analysis of these models and their failure modes and capacities demonstrates the benefits
of reinforcement techniques while integrated into overall masonry design. A summary of the
benefits of each reinforcement technique for specific masonry structural types is listed below:
* For shear wall performance, the greatest percent increase in performance from a sin-
gle reinforcement technique is with vertical reinforcement, preventing the failure of
a corner of the wall. Though the best overall performance, as with every structural
type, is combined horizontal and vertical reinforcement, the additional 1.8% increase
in the required equivalent horizontal acceleration to initiate the first failure with both
reinforcements combined is not as significant as the 13.3% or 24.5% increase from
horizontal or vertical reinforcement alone respectively.
" The benefits of combined reinforcement are clearly shown in the global box structure,
as improvements on out-of-plane and in-plane failures are 26.3% and 14.1% each as
compared to the best individual reinforcement techniques.
" Tower structures show the most significant improvement in performance with reinforce-
ment, with the greatest benefits through combined reinforcement resulting in a 105.0%
increase in the required equivalent horizontal acceleration for the onset of visible non-
performance damage to the structure.
These values provide a basis to decide the most economical solution to prevent damage or col-
lapse to masonry structures, thus aiding in design decisions and the selection of the necessary
reinforcements to prevent performance failure based on expected horizontal accelerations.
Further research can be done through this modeling methodology into a variety of global
masonry design forms, such as the placement of cross-walls and buttresses, and the overall
plan layout of the structures. The materials used in the reinforcements can be reevaluated
for their representation of applied reinforcement materials, as well as the sizing of the rein-
forcements materials used, such as the thickness of the ring beam, or the number of vertical
steel reinforcements per location. Additionally, these models can be applied in more com-
plex analytical procedures for seismic activity, such as the use of a shaking table. Finally, a
detailed computation of the resulting failure modes can be done to extrapolate the physical
results for computational modeling.
Chapter 7
Conclusion
To provide the necessary safeguards for seismic activity, masonry structures must maintain
specific guidelines for overall dimensions, wall ratios, wall placement, symmetry, and rein-
forcement techniques. An understanding of the global complexity of such orthotropic struc-
tures including unreinforced and reinforced masonry reveals the danger of seismic activity
on non-engineered and poorly planned masonry environments. In order to expand upon
existing analysis procedures of this ancient building technology, this thesis demonstrates the
following through research and experimentation of masonry wall performance:
o Simple masonry structures are shown to fail sequentially through a series of out-of-
plane, in-plane, and global failure mechanisms that are dependent on structural design
decisions. Out-of-plane failure governs unreinforced masonry failure, though the pri-
mary failure mode is influenced by reinforcement techniques.
o A discussion of a variety of analytical methods shows that masonry analysis tools lack
an efficient and accurate representation of global design and reinforcement techniques
for applications in engineering, particularly for traditional masonry in developing coun-
tries. Even then, modern engineering techniques rely on assumptions and simplifica-
tions that can fail to capture global design and reinforcement implications for seismic
failure.
o A mathematical analysis using a quasi-static tilt approach predicts expected failure
conditions for a variety of modes that are dependent on geometric orientations of
masonry components and global design decisions.
o The agreement between the initial physical modeling results with theoretical predic-
tions confirms the validity of this scaled discrete tilting methodology, thus supporting
an empirical analysis of a selection of masonry designs and reinforcement strategies.
" The models of this thesis demonstrate the benefits of particular reinforcement tech-
niques for specific masonry components and global designs. A comparison of the ben-
efits for the performance limits of these masonry structures provides an engineering
model for selecting appropriate reinforcement and design strategies.
" While this process has proven its appropriate validity, it can be investigated further
with a greater variety of overall structural geometries, reinforcement techniques and
the materials used to represent them, and the method in which the lateral load is
applied. Other applicable analysis methods include dynamic shaking table methods
and the development of computer simulations.
As it has been proven that these models can assist in determining which failure modes can
be expected based on global design and reinforcement strategies, this method is an effective
comparative tool for design decisions with the advantages listed below:
" The overhead, material, and technical cost to run these experiments can be significantly
cheaper than complex computational modeling, thus aiding in applying this technique
in regions that are not aided by advanced masonry engineering practices.
" The process for conducting these experiments is significantly faster than existing tech-
niques as methods for simulating masonry are complex and uncertain due to orthotropic
material properties.
" This analysis of masonry performance is intuitive and simple to understand without
the need for methods and tools that require intense academic training.
" Despite its speed and simplicities, the model is able to capture and present complex
failure modes for the interaction of global design parameters and integrated reinforce-
ment techniques that are still unclear with other available analysis tools.
Therefore, this process can eliminate difficulties that prevent improved engineering of vulner-
able masonry structures and thus guide the overall process of design and retrofit for masonry
structures with clear results for both component and global geometry and reinforcement pa-
rameters. As a cost-effective manner for analysis with minimal requirements for complex
computational methods, this procedure is a good primary step for engineers for higher level
design decisions that can be efficiently applied in unreached engineering environments, thus
contributing to the prevention of a loss of human life.
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Appendices
Appendix A
Theoretical Calculations
http://hyperphysics.phy-astr.gsu.eduLhbase/frict2.html
Falure Angle, a
28.21111 degrees
Coefficient of Static Fricton
0.536445
Failure Angle (fixed). a
27.08333 degrees
Coefficient of Static Friction
0.511359
Points
for Graph
0 0
6.88 1
0 2
3.81 3
Failure
Angle
28.21111
28.21111
28.21111
28.21111
Failure
Angle
(fixed)
27.08333
27.08333
27.08333
27.08333
A A fixed
0 0.473 0.455
3 0.473 0.455
Block Mass grms]
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Appendix B
Initial Masonry Behavior
Experimental Results
Number Height to Angk of
ofBlocks Wkfth Ratio T l AVG AVG-90 Ag I
Sinle Tower of skid
1 0.27 119 122 120.5 30.5 0508
2 0.55 118 118 11 28 0A69
3 0.82 119 119 119 29 0A85
4 1.09 115 118 118 117 120 117.6 27.6 0A63
5 1.30 119 119 115 117 117.5 27.5 0A62
6 1.64 117 117 116 116.6667 26.66667 0A49
7 1.91 114 114 114 114 24 0A07
8 2.18 110 110 109 108 109.25 19.25 0.330
Single Tower - Boom Brick Fixed
2 0.55 119 122 120.5 30.5 0.508
3 0.82 119 119 29 0.485
4 1.09 115 114 114 114.3333 24.33333 0.412
5 1.36 113 116 114.5 24,5 0A15
6 1.64 115 119 117 116 116.75 26.75 0A50
7 1.91 115 115 115 115 25 0A23
8 2.18 113 113 23 0.391
9 2.45 110 109 109.5 19.5 0.334
Width to
Height Ratio
x Recangle
1 0.43 19.75 0.338
2 0.71 114 114 116 114.6667 24.66667 0A17
3 0.99 113 113 113 23 0.391
4 1.27 113 114 113.5 23.5 0.399
.iRetwie
1 0.43 19.75 0.338
2 0.71 104 103 103.5 13.5 0.233
3 0.99 103 103 103 13 .225
4 1.27 102 102 102 12 0.2081
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Appendix C
Initial Model Behavior Images
Figure C.1: Stack Test with 3 Blocks
Figure C.2: 1 by 4 Block Rectangle Setup
Figure C.3: 1 by 4 Block Rectangle Failure
Figure C.4: 4 by 1 Rectangle Failure
Figure C.5: 4 by 4 Square Box Setup
Figure C.6: 4 by 4 Square Box Failure 1
Figure C.7: 4 by 4 Square Box Failure 2
100
Figure C.8: Vertically Reinforced 4 by 4 Square Box Setup and Failure
Figure C.9: Horizontally Reinforced 4 by 4 Square Box Setup and Failure
101
Appendix D
Shear Wall Images
Figure D.1: Shear Wall Setup
102
Figure D.2: Shear Wall Failure
Figure D.3: Horizontally Reinforced Shear Wall Setup
Figure D.4: Horizontally Reinforced Shear Wall Failure
103
Figure D.5: Vertically Reinforced Shear Wall Setup
Figure D.6: Vertically Reinforced Shear Wall Failure
104
Figure D.7: Combined Reinforcement Shear Wall Setup
Figure D.8: Combined Reinforcement Shear Wall Failure
105
Figure D.9: Combined Reinforcement Shear Wall Reinforcement Failure
106
Appendix E
Square Box Images
Figure E.1: Square Box Setup
107
Figure E.2: Square Box Failure 1
Figure E.3: Square Box Failure 2
Figure E.4: Square Box Failure 3
108
Figure E.5: Square Box Failure 4
Figure E.6: Horizontally Reinforced Square Box Setup
109
Figure E.7: Horizontally Reinforced Square Box Failure 1
Figure E.8: Horizontally Reinforced Square Box Failure 2
Figure E.9: Horizontally Reinforced Square Box Failure 3
110
Figure E.10: Vertically Reinforced Square Box Setup
Figure E.11: Vertically Reinforced Square Box Failure 1
Figure E.12: Vertically Reinforced Square Box Failure 2
111
Figure E.13: Vertically Reinforced Square Box Failure 3
Figure E.14: Vertically Reinforced Square Box Failure 4
Figure E.15: Vertically Reinforced Square Box Failure 5
112
Figure E.16: Combined Reinforcement Square Box Setup
Figure E.17: Combined Reinforcement Square Box Failure 1
Figure E.18: Combined Reinforcement Square Box Failure 2
113
Figure E.19: Combined Reinforcement Square Box Failure 3
Figure E.20: Combined Reinforcement Square Box Failure 4 Prior to Complete Sliding
114
Appendix F
Square Tower Images
Figure F.1: Tower Setup
115
Figure F.2: Tower Failure 1
Figure F.3: Tower Failure 2
Figure F.4: Tower Failure 3
116
Figure F.5: Tower Failure 4
Figure F.6: Unreinforced Tower Overturning Heights
Figure F.7: Horizontally Reinforced Tower Setup
117
Figure F.8: Horizontally Reinforced Tower Failure 1
Figure F.9: Horizontally Reinforced Tower Failure 2
Figure F.10: Vertically Reinforced Tower Setup
118
Figure F.11: Vertically Reinforced Tower Failure 1
Figure F.12: Vertically Reinforced Tower Failure 2
Figure F.13: Vertically Reinforced Tower Failure 3
119
Figure F.14: Combined Reinforcement Tower Setup
Figure F.15: Combined Reinforcement Tower Failure 1
120
Figure F.16: Combined Reinforcement Tower Failure 2
Figure F.17: Combined Reinforcement Tower Failure 3
121
Figure F.18: Combined Reinforcement Tower Pure Overturning Failure
122
Appendix G
In-Plane Shear Wall Experimental
Results
Block Dimensions:
B (Width): 2.0625 inches
H (Height): 0.5625 inches
T (Depth): 1.0625 inches
Structure Dimensions:
Width: 8B+T= 17.5625 inches
Height: 13H= 7.3125 inches
Thickness: T= 1.0625 inches
Total Blocks: 104 blocks
13 half blocks
117 total blocks
structural Ratios:
Width/Height
Height/Thickness
Width/Thickness
Unreinforced
Trial 1 Setup Time: 20 mins
Failure # 1 2 3 4
Angle 110 113
Normalized 20 23 -90 -90
everything but
Mode Triangle Failure base slide
Trial 2
Failure # 1 2 3 4
Angle 110 113
Normalized 20 23 -90 -90
top layer slides,
small corner all slide but
Mode falls bottom few levels
Trial 3
Failure # 1 2 3 4
Angle 108 110 112 118
Normalized 18 20 22 28
s iding of top 5 top few levels next few levels everything slides.
Mode comer blocks slide slide including base
123
2.40
6.88
16.53
Reinforced- ng Beam
Trial 1 Setup Time:
Failure # 1 2 3 4
Angle 110 112 113 115
Normalized 20 22 23
top level slide
movement, but along with lower total slide but
Mode not measurable triangular corner base base slide
Trial 2
Failure # 1 2 3 4
Angle 107 112 112 113
Normalized 17 22 22 23
top layer slides
with ring beam.
heard Triangular shift remaining lower
Mode movement through wall section slides off rest slides
Trial 3
Failure # 1 2 3 4
Angle 112 113 118
Normalized 22 23 28 -90
top layer slides,
large corner
falls, middle
section slides everything but
Mode downwards base slide everything goes
Reinforced - VerticalSteel
Trial 1 Setup Tune: 15 mins
Failure# 1 2 3
Angle 110 113 115
Normalized 20 23 25
crack forms in
solid
movement, no overturning and
Mode other sounds. bigger crack sliding
Trial 2
Failure # 1 2 3 4
Angle 112 115 117
Normalized 22 25 27 -90
lower corner
overturns. Sliding
sliding as corner for rest of
begins to separated mid
Mode overturn section rest slides
Trial 3
Failure# 1 2 3 4
Angie 112 113 117
Normalized 22 23 27 -90
reinforcement
detach from
overturning and bottom of top
Mode x-cracking overturning corner, slide.
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Reinforced - Ong Beam and Veditka Stel
Trial 1 Setup Tune: 15 mins
Failure S 1 2 3 4
Angle 112 113
Normalized 22 23 -90 -90
X-cracking,
more towards entire structure
Mode base starts sliding...
Trial 2
Failure # 1 2 3 4
Angle 113 113 118
Normalized 23 23 28 -90
x-cracking,
curved leaning sliding failure
on lower side between top and
Mode (moment) sliding bottom layers
Trial 3
Failure # 1 2 3 4
Angle 110 113 113
Normalized 20 23 23 -90
Mode x-crack
crack bigger, back
begins to overturn complete sliding
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Appendix H
Square Box Experimental Results
Block Dimensions:
B (Width):
H (Height):
T (Depth):
Structure Dimensions:
Width: 89+T=
Height: 13H=
Depth: 8B+T=
Total Blocks: 416 blocks
17.5625 inches
7.3125 inches
17.5625 inches
Structural Ratios:
Width/Height
Height/Thickness
Width/Thickness
Unreinforced
Trial 1 Setup Time: 20 mins
Failure # 1 2 3 4
Angle 98 104 110 115
Normalized 8 14 20 25
Lower OoP Wall,
Lower Half
initiated by taller
Two Out-of- Upper OoP Wall, sides of OoP Total Friction
Mode Plane Walls Lower Half walls that remain Failure
Trial 2
Failure # 1 2 3 4
Angle 97 105 110 115
Normalized 7 15 20 25
Two Out-of-
Mode Plane Walls"
Average Angle 7.5 14.5 20 25
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2.0625 inches
0.5625 inches
1.0625 inches
2.40
0.42
1.00
Reinforced- ng Beam
TrialI Setup Tune: 30 mins
Failure # 1 2 3 4
AngIe 100 112 115
Normalized 10 22 25
Top OoP Wall.
Total beam
falls. Beam
pulls top of in-
plane walls
down. Releases
Bottom QoP
Wal Ito
Mode Overturn
Reinforced - Vericot Steel
Trial I Setup Thne: 40 mins
Failure X I
Angle 98
Normalized 8
OoP Failure in
Mode Lower Wall
Failure #
Angle
Normnalized
Mode
Reinfored - Ring Beam and Veruca Steel
Trial 1 Setup Time: 45 Mins
Failure # 1
Angle 10
Normalized 1
Lower OoP
Wall, top half.
First center of
wall, followed
by breaking of
ring beam and
Mode top row
in-plane corner
falls
OoP Failure in Top
Wall (5 blocks
remaining should
fail at 20 deg.
Except fort taller
sides which will
lead failure)
Total slide
Lower Half of
Lower walls
overturns
6
A few more fall off
top 09p Wall, One
Lower In-plane
comer begins to
show x-cracking
One lower In- other lower in-
plane corner falls plane corner falls Total Sliding
Centerof back
OoP wall
Rest of back wall
falls, brings far in-
plane wall with
it, including both
towers as they
were connected
to the ring beam.
Close in-plane
wall still standing
fine
Wall stand fine,
until lowercomer
falls with tower.
Intiates
overturning of back
tower in towards
center of structure
127
Appendix I
Square Tower Experimental Results
Block Dimensions:
B (Width):
H (Height):
T (Depth):
Structure Dimensions:
Width: 3B+T=
Height: 20H=
Depth: 3B+T=
Total Blocks: 240 blocks
7.25 inches
11.25 inches
7.25 inches
Structural Ratios:
Width/Height
Height/Thickness
Width/Thickness
Unreinforced
TrialI Setup Time: 13 mins
Failure # 1 2 3 4
Angle 100 102 103 114
Normalized 10 12 13 24
OoP wall
overturning,
held back, top comerfalls off
Mode vertical crack OoP Wall total overturn slide
Trial 2
Failure # 1 2 3 4
Angle 98 102 103 103.5 108 115
Normalized 8 12 13 13.5 18 25
rest falls,
vertical crack back top corner leaving bottom
Mode again top corneragain falls top half fal s back corner total slide
Trial 3
Failwe X 1 2 3 4
Angle 98 102.5 104 113
Normalized 8 12.5 14 23
top of OoP wal Is
both fall, brings
corners of InP
Mode again walls total collapse total slide
Average Angle 8.67 12.17 13.33 20.17
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2.0625 inches
0.5625 inches
1.0625 inches
0.64
1.55
1.00
RAinforced- Wng Ream
Trial I Setup Time:
Failure # 1 2 3 4
Angle 100 104
Nornalized 10 14
noticable flatish
crack near 1/3 overturning of top
Mode down tower half
Trial 2
Failure# 1 2 3 4
Angle 103 104
Normalized 13 14
crack forming, again, very clear
Mode 2/3 up this time overtuming
Average Angle 11.50 14.00
teinfored- Veical Steel
Trial I Setup Time: 30 mins
Failure # 1 2 3 4 5 6 7
Angle 104 105 106 108 109 110 112
Normalized 14 15 16 18 19 20 22
More blocks from
OoPwallsfall. X-
crack getting One lower
bigger. (falling More OoP walls corner falls,
x-cracking blocks prevent in- fall. Lower corners leaving a few Twist and
forming near top two blocks on plane wall almost blocks at Other tower overtum,
Mode top OoP lowerwall fall failure) overturning. bottom falls and slide
elnforced - Mng Beam and Vertical Steel
Trial SetupTine:
Failure # 1 2 3 4
Angle 108 109 110
Normalized 18 19 20 -90
Beginning to
show curvature
in back OoP complete
wall. Single overturning,
block slides a back OoP wall leaves a few at
Mode bit caves in bottom
Trial 2
Fa
Norm
ilure # 1 2
Angle 108 109
alied 18 19
Same. Single back OoP wal I
block slides a caves in. In-plane
bit in back OoP wall split
wall. Vertical exaggerated from
split seen in in- turning of top
Mode plane walls corner
complete dean
overturn, leaves
bottom layer
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Appendix J
Summary and Conversion of
Experimental Results
Shear Wall
1st Failure 2nd Failure
Angle Angle
(Degrees) (Degrees)
19.3
22
24.3
22
23
26.3
24.67
2nd
1stFailure Failure
Angle (A) Angle (A)
0.331 0.375,
0.375 0.391
0.412 0.443
0.417
Square Box
1st Failure 2nd Failure 3rd Failure 4th Failure
Angk Angk Angle
(Degrees) (Degrees) (Degrees)
7.5 14.5 20
10 - 22
8 10 20.5
12 13-15 -
Angkl
(Degrees)
25,
25
25
25
4th
1st Failure 2nd Failure 3rd Failure Failure
Angle (A) Angle (A) Angle (A) Angle (A)
0.131 0.250 0.342 0.423
0.174 - 0.375 0.423
0.139 0.174 0.350 0.423
0.208 .22-.26 - 0.423
% Increase % increase % increase
to 1st
Failure
0.0%
33.0%
6.6%:
59.3%
to 2nd to 3rd
Faiure FaMure
0.0% 0.0%
- 9.5%
-30.6% 2.4%
-10.1% 23.6%
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% Increase
to 1st
Failure
0.0%
13.3%
24.5%
26.3%
Square Tower
1st Faiure 2nd Failure 3rd Falure 4th Failure
Angle Angle Angle Angle
(Degrees) (Degrees) (Degrees) (Degrees)
8.67 12.17 13.33 20.17
11.5
14
18
15-18
19
4th
1st Failure 2nd Faure 3rd FaMure Failure
Angle (A) Angle (A) Angle (A) Angle (A)
0.151 0.211 0.231 0.345
0.199 - 0.242 -
0.242 .26-.30 0.342 0.375
0.309 0.326 0.342 -
% Increase %
to ist t
Faiure F
0.0%
32.3% -
60.5%
105.0%
Increase
o 2nd
aiu
% increase
to 3rd
Faiure
0.0% 0.0%
4.9%
22.9% 48.3%
54.4% 48.3%
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